Biological sulfur cycling in polar, low-temperature ecosystems is an understudied 26 phenomenon in part due to difficulty of access and the ephemeral nature of such environments. 27 One such environment where sulfur cycling plays an important role in microbial metabolisms is 28 located at Borup Fiord Pass (BFP) in the Canadian High Arctic. Here, transient springs emerge 29 from the toe of a glacier creating a large proglacial aufeis (spring-derived ices) that are often 30 covered in bright yellow/white sulfur, sulfate, and carbonate mineral precipitates that are 31 accompanied by a strong odor of hydrogen sulfide. Metagenomic sequencing from multiple 32 sample types at sites across the BFP glacial system produced 31 highly complete metagenome 33 assembled genomes (MAGs) that were queried for sulfur-, nitrogen-and carbon-34 cycling/metabolism genes. Sulfur cycling, especially within the Sox complex of enzymes, was 35 widespread across the isolated MAGs and taxonomically associated with the bacterial classes 36 Alpha-, Beta-, Gamma-, and Epsilon-Proteobacteria. While this does agree with previous 37 research from BFP implicating organisms within the Gamma-and Epsilon-Proteobacteria as the 38 primary classes responsible for sulfur oxidation, our new data suggests putative sulfur oxidation 39 by organisms within Alpha-and Beta-Proteobacterial classes which was not predicted. These 40 findings indicate that in a low-temperature, ephemeral sulfur-based environment such as this, 41
gene abundance was found in 9 out of 31 MAGs (Figure 3b ). The gene hpnp, a hopanoid 186 biosynthesis gene that codes for an enzyme that methylates hopanoids at the C2 position, is often 187 used as a diagnostic for biomarker potential (Garby et al., 2013) . From an astrobiological 188 perspective identifying biomarkers such as hopanoids in extreme environments can be useful in 189 conjunction with potential metabolisms. No hpnp (hopanoid synthesis) genes were identified 190 within the BFP MAGs. 191 Sulfur Oxidation is Abundant Across BFG Metagenome Assembled Genomes 192 Of greatest interest for this study were sulfur cycling associated genes (including both the 193 oxidation and reduction of sulfur species). MAGs were searched for well-known genes involved 194 in sulfide oxidation (e.g., fcc, sqr), sulfite oxidation (sorAB), and thiosulfate oxidation (sox). A 195 gene critical to sulfide oxidation, fcc, was found in MAGs 1, 5, 9, 19, 20, and 27 ; two of these (1 196 and 9) correspond to nearest neighbors in the Epilonproteobacteria class (Sulfurimonas and 197 Sulfurovum). The other five fcc-containing MAGs correspond to organisms within the 198 Betaproteobacteria (Figure 4 ). Sulfide-quinone reductase (sqr) was only observed in four MAGs 199 (3, 5, 6, and 25) , three of which (3, 6, and 25) are Alphaproteobacteria and the other most 200 closely related to the genus Limnobacter (also containing the aforementioned fcc gene). No 201 MAGs showed the presence of genes necessary for sulfite dehydrogenase (sorAB).
202
The Sox system is a widely-studied pathway for the complete oxidation of thiosulfate 203 (S2O3 2-) to sulfate (SO4 2-). This metabolism is typically broken up into four different multi-gene 204 proteins, which make up the larger Sox enzyme complex (soxAX, soxYZ, soxB, and soxCD) . Sox 205 genes were identified in MAGs 1 (soxXA, soxYZ, and soxB) and 9 (soxXA and soxYZ), which 206 were identified as most closely related to the genera Sulfurimonas and Sulfurovum within the intermediate in dissimilatory sulfide oxidation (Han and Perner, 2015) , was also identified in the 231 majority of MAGs (18 of 31).
232
Dissimilatory sulfite-reductase (dsrAB) was also queried to identify the respiratory sulfate 233 reduction potential of the system. dsrAB was present in three MAGs (7, 12, and 19) as an electron acceptor, metagenomic evidence supports the idea that anaerobic denitrification is 273 a viable mechanism of low-temperature respiration.
274
The utilization of carbon and how it plays a part in microbial growth dynamics at BFP is 275 important to determine, particularly how organic (or fixed) carbon might enter the system.
Organic carbon is available within the BFP system (Lau et al., 2017) and has a potential source 277 from nearby shale units (Grasby et al., 2003) , however, previous research by Wright, et al.
278
(2013) indicated that the most likely form of energy production in the system is via aerobic 279 oxidation of S0 rather than that of organic carbon. Because of this, sulfide oxidation coupled with 280 CO2 fixation is potentially one of the most important metabolisms present at BFP. One such Gleeson et al., 2011 Gleeson et al., , 2012 Wright et al., 2013; Trivedi et al., 2018) . Our work has revealed that 313 MAGs belonging to previously identified genera likely oxidize reduced sulfur compounds in 314 addition to organisms that were not previously predicted to be taking part in such metabolic 315 processes. and may serve as a primary producer in this sulfur-dominated polar ecosystem.
The soxCD complex has been shown to be responsible for the oxidation of sulfur to 344 thiosulfate, and in organisms that lack this complex the sulfur is either stored inside the cell or 345 excreted (Hensen et al., 2006) . The lack of soxCD in BFP MAGs (e. may not be in equal abundance (such as those identified within the core community) as there will 392 always be differences in functional ability based on enzyme efficiencies and growth kinetics.
393
This also supports previous research of the BFP system, where "blooms" of SOMs over short BFP, which may not necessarily be the case in all highly sulfidic systems.
413
These results show that in low-temperature environments, functional redundancy of key 414 metabolisms is an active strategy for multiple bacterial lineages to coexist. The results presented 415 here reflect the potential metabolisms present at BFP generated from whole genome sequencing 416 and the production of MAGs. The next step in truly defining how microorganisms are able to 417 survive and thrive in the BFP system will be to undertake metatranscriptomic sequencing. This 418 next step in the genomic characterization of this ecosystem will allow us to differentiate between 419 the metabolic potential and active processes within the system. Our data show that sulfur 420 oxidation is functionally redundant at BFP and may be utilized by more microorganisms across 421 the bacterial domain than would be expected. locations can be seen in Figure 1. B) The sulfidic aufeis on the left of the picture with the 2016 832 Spring a few hundred meters to the east (indicated by the orange dashed line; also see Figure S1 ). 
